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ABSTRACT The analysis of musculoskeletal stress marker (MSM) development is a commonly employed tool in
osteological surveys and is used to infer patterns of occupational activity and societal organisation in
archaeological populations. Although the majority of research into upper limb MSMs has focused on the
bones of the arm, the bones of the hand have been conspicuous by their absence. This is likely to be due
to methodological issues surrounding the study of hand bones and a presumed lack of variation in MSM
development in this area. To date, there have been no systematic studies investigating the presence and
variation in MSM morphology for the muscles of the human hand. To address this issue, a presence/
absence scoring system was developed for twelve sites of muscle origin and insertion in the metacarpals
and phalanges, which was used to determine bilateral asymmetry in the hands of 31 individuals from the
Naval Hospital Cemetery site in Greenwich, London. Analysis found observable variation in MSM
development between and within the hands, which could be used to determine patterns of asymmetry
within the sample. Comparisons with MSM scores from the humeri of these individuals indicate a
differentiation in MSM development and asymmetry between these anatomical regions. Levels of
asymmetry in the hands and humeri were generally low, with only the dorsal interossei displaying
statistically signiﬁcant asymmetry. Subsequent upper limb MSM research will beneﬁt from the inclusion of
data from the hands. These results do not support the continued use of the humerus as a proxy for MSM
expression across the upper limb as a whole and suggest that important information regarding
behavioural asymmetry in the hands is being lost because of the continual exclusion of this anatomical
unit from MSM research. Copyright © 2011 John Wiley & Sons, Ltd.
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Introduction
The study of the morphology and development of
areas of muscle attachment to bone, often referred to
as musculoskeletal stress markers1 (MSMs), has
frequently been used to determine occupational
patterns and sociocultural divisions of activity in
skeletal populations (e.g. Dutour, 1986; Hawkey &
Street, 1992; Hawkey & Merbs, 1995; Munson
Chapman, 1997; Capasso et al., 1998; Churchill &
Morris, 1998; Peterson, 1998; Robb, 1998; Steen &
Lane, 1998; Lovell & Dublenko, 1999; al‐Oumaoui
et al., 2004; Eshed et al., 2004; Molnar, 2006; Weiss,
2007; Lieverse et al., 2009; Niinimäki, 2009; Porčić &
Stefanović, 2009; Havelková et al., 2010; Villotte et al.,
2010a, 2010b). This approach is based on the
understanding that strenuous muscle activity can result
in bone remodelling taking place at sites of muscle‐
to‐bone and tendon‐to‐bone attachments. Increased
activity at these sites leads to an increase in the number
of capillaries that supply the periosteum, and this
increased blood ﬂow in turn stimulates osteon remodel-
ling (Hawkey & Merbs, 1995). Attachment site remod-
elling can lead in some instances to bone‐forming
(osteophytic) processes, which are reﬂected in the rugose
appearance of bone in the area of muscle attachment. At
1 The use of the terminology varies across the literature. Some authors
favour the use of the term ‘enthesopathies’ to reﬂect the pathological
processes involved in their creation (see Villotte et al., 2010a, 2010b). The
term ‘markers of occupational stress’ has also been proposed to include a
wide range of causal factors, including robusticity, osteoarthritis, pressure
facets, enthesopathies and syndesmoses (ligamentous attachments), in
addition to MSM (Wilczak & Kennedy, 1998). The current study uses the
term ‘musculoskeletal stress markers’ (MSM) to reﬂect the focus on the
markers themselves, and the scoring methods, rather than their aetiology
and morphology.
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other times, particularly if a muscle is regularly stressed
beyond its natural capabilities, bone remodelling takes
the form of bone erosion/reabsorption (osteolytic
processes), resulting in pitting of the cortical surface
of the bone. Variation in the expression of MSMs
across and between bones has therefore been con-
sidered reﬂective of differences in the activity of the
muscles corresponding to these MSMs. This is based
on the assumption that the ‘degree and type of marker
are related directly to the amount and duration of
habitual stress placed on a speciﬁc muscle’ (Hawkey &
Merbs, 1995: 324).
Due to the range of activities in which the muscles
of the upper limbs can be engaged, in comparison with
those of the lower limbs, there is increased potential
for the upper limb to reﬂect patterns of MSMs
asymmetry that can be related to speciﬁc activities
and occupations. This is reﬂected in the MSM
literature, much of which focuses on the MSMs of
the upper and lower arms. What is clear when studies
of upper limb MSMmorphology are reviewed, however,
is the absence of data from the muscles of the hand. The
reasons for this absence are unclear but appear to result
from methodological issues. The small size of the hand
bones, for example, results in small MSMs, which may
not display enough variation to allow meaningful study
to take place (Robb, 1998). It may also result from the
lack ofwell‐preserved hand bonematerial recovered from
archaeological excavations, in addition to ongoing
problems with accurately siding ﬁnger bones (Case &
Heilman, 2006; Christensen, 2009).
A review of the MSM literature identiﬁes only a very
small number of studies that make explicit reference to
MSMs located in the hands. In these instances,
descriptions are generally cursory and anecdotal in
nature and refer mainly to the development of phalanx
ﬂexor attachments. In a study of a skeleton believed to
belong to an Egyptian scribe from the Third
Intermediate Period, Kennedy et al. (1986) make
reference to the presence of developed ﬂexor ligament
ridges on the proximal phalanges of the right hand of
the skeleton. This is taken to indicate that the
individual’s profession as a writer led to increased
development of the right phalanx ﬂexor ligament
attachments relative to those of the left hand due to a
preference for the use of the right hand for writing.
As this was a qualitative analysis, rather than a study
of asymmetry, there are unfortunately no accompany-
ing data to allow comparison of the left and right
proximal phalanges. Lai & Lovell (1992) provide a
brief discussion of the hypertrophy of the ﬂexor
digitorum superﬁcialis insertion sites on the intermediate
phalanges of their sample of three male skeletons from
the 18th–19th century Canadian fur trade, possibly
resulting from extended periods of paddling canoes
and associated portage (the carrying of canoes overland
to avoid obstacles in the water). As with Kennedy et al.
(1986), this is a purely qualitative examination, and as
such there is no reference made to the presence of any
asymmetry in these MSMs.
Molnar (2006) takes a more quantitative approach
to the assessment of MSM development in the
phalanges through the use of ordinal scoring as
described by Hawkey & Merbs (1995). Molnar does
not specify whether it is ﬂexor digitorum superﬁcialis or
profundus MSMs that are being studied (or both), or
indeed which combination of digits were included in
analysis, meaning that it is not possible to draw speciﬁc
conclusions regarding ﬂexor asymmetry. However, it
appears that asymmetry in the ‘ﬂexors’ was generally
low and not statistically signiﬁcant. This follows the
overall trend for low bilateral asymmetry in this
sample.
The implicit assumption in upper limb MSM
research appears to be that morphology and
asymmetry are congruent throughout the limb, such
that patterns of MSM expression in the radius, ulna
and humerus can be used as a proxy for MSM
expression in the hands. Although a recent study into
hand asymmetry in a Medieval Spanish sample incorpo-
rated an analysis of MSM expression (Cashmore &
Zakrzewski, 2009, see also Cashmore & Zakrzewski,
2010), the assumption of upper limb MSM congruency
has yet to be tested in a systematic fashion. Thus, there
remains a gap in our knowledge and understanding of
functional separation in the complex region of the
upper limb and the applicability of hand MSM data for
answering questions regarding this and other issues.
There is empirical evidence to suggest that there is
good reason to question the suitability of taking
morphological data from the upper arm as representa-
tive of the development of the rest of the upper limb
and the hand in particular. Cashmore (unpublished
PhD thesis) compared the metric andMSM asymmetry
data taken from the humerus of a number of skeletal
samples with those taken from the hand bones of the
same individuals. These comparisons identiﬁed ob-
servable differences between the humerus and the
hands in terms of both the magnitude and direction of
their asymmetry. Stock & Pfeiffer (2001) have also
found that bone robusticity tends to vary across the
upper limb, with variation in robusticity as you move
distally through the limb. Stock (2006) explains this
trend by suggesting that the morphology of the distal
elements of the upper limb is more inﬂuenced by
mechanical loading than the proximal elements.
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In order to answer these questions regarding MSM
expression in the hands, the current study has three
main aims:
(1) To address the dearth of evidence regarding MSMs
in the bones of the hands through the application
of a new scoring method for hand MSMs. This
method will be systematically applied to a sample of
metacarpal and phalanx bones in order to assess
both the feasibility and the practicality of studying
this neglected region of the upper limb.
(2) Where it is possible to quantify MSM develop-
ment in the hands, the degree of variation in MSM
expression will be assessed, and patterns of
expression across the hands and asymmetry
between the hands will be explored.
(3) To compare the MSM proﬁles of the hands and
the corresponding humeral material for each
individual. This is to determine whether these
distinct regions of the upper limb share similar
patterns of MSM development and therefore
whether it remains appropriate for MSM morphol-
ogy in the humerus to be used as a proxy for MSMs
in the hand and the upper limb as a whole.
Materials
The skeletal material in the current study was taken
from the Naval Hospital Cemetery site in Greenwich,
London. In 1692, Christopher Wren was commis-
sioned to convert an uncompleted royal palace into a
naval hospital and retirement home. This was to
address a long‐standing need for such facilities for the
Royal Navy’s disabled and elderly seamen and marines,
veterans of Britain’s conﬂicts with the Spanish, Dutch,
French and Americans (Boston et al., 2008). The
hospital was completed in 1703 and was busiest during
the period of 1815 to 1830 following the Napoleonic
Wars (1803–1815), where it reached its maximum
capacity of 2710 inpatients. As the veterans of these
conﬂicts began to die, the demand for places steadily
decreased, and the hospital ﬁnally closed in 1869.
After this time, the hospital buildings became the
premises of the Royal Navy College.
The residents of the Greenwich Naval Hospital
were predominantly the ‘rank and ﬁle of the Navy’
(Boston et al., 2008: 12), such as landmen, ordinary
seamen, able seamen, marines, gunners, cooks, car-
penters and other skilled workmen. Landmen (i.e.
those with no experience of working at sea) were likely
to be engaged in ‘unskilled’ tasks such as hoisting and
lowering sails, rigging tackle, swabbing desks and
moving loads around the ship. Marines were not
involved in sailing the ship but were employed as
soldiers and onboard ‘policemen’ (Boston et al., 2008).
Overall, the daily tasks engaged in by the majority of
these men can be considered strenuous and are likely
to have placed signiﬁcant stress on both of the upper
limbs.
Excavations between 1999 and 2001 as part of a
redevelopment of the area recovered a total of 107
skeletons from the Greenwich cemetery grounds. It is
estimated that the grounds originally held up to 20 000
burials, but development and earlier excavations of the
area greatly reduced the numbers of remaining bodies
(Boston et al., 2008). The vast majority of the
individuals from the excavation were adult males of
advanced age. This age and sex proﬁle was determined
both from the associated Royal Navy historical records
and through osteological analysis, with the majority of
individuals found to be older than 40 years (Boston et al.,
2008). The Greenwich collection consists almost
exclusively of former military personnel, with docu-
mentation providing information regarding the sex,
age, occupation and often manner of death for many of
the individuals (although this speciﬁc information was
not available for the individuals in the current study).
This collection therefore provides a unique opportunity
to study MSM variation in a sample for which the main
confounding variables in MSM analysis (age and sex)
can be controlled.
Because of the extensive range of pathological
conditions identiﬁed in the skeletons of the Greenwich
inpatients (Boston et al., 2008), much of the material
was not suitable for inclusion in the current study.
This was due to the presence of skeletal modiﬁcation,
which was likely to have impeded the normal function
of the upper limb. Individuals with evidence of
fracture or signs of severe osteoarthritis (pronounced
lipping, pitting and eburnation) were therefore
excluded from this study. Individuals with only mild
symptoms of osteoarthritis were not excluded.
Although mild osteoarthritis may be present skeletally
or radiographically, it is often not symptomatic in
the affected individual and is unlikely to signiﬁcantly
compromise joint mobility (Haslett et al., 2002; Kumar
& Clark, 2002). Individuals with bone‐forming diseases
(e.g. diffuse idiopathic skeletal hyperostosis and
ankylosing spondylitis) were also excluded, as it is
thought that these conditions can result in increased
bone deposition at areas of muscle attachment
(Henderson, 2008).
From the Greenwich Naval Hospital Cemetery
sample, 31 adult male skeletons were selected for
inclusion in the current study. All of the individuals
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selected were males of at least 30 years of age, with the
majority greater than 40 years old.
Methods
With no method for assessing MSM expression in the
hand presently available, the current study opted to
use a presence/absence method to score MSM
development, similar to that employed in some recent
studies (e.g. al‐Oumaoui et al., 2004; Alves Cardoso &
Henderson, 2010; see also Cashmore, unpublished
PhD thesis; Cashmore & Zakrzewski, 2009, 2010).
MSMs were selected for analysis based on their ease of
identiﬁcation and reliability of repeated identiﬁcation.
This resulted in twelve MSMs being chosen for
inclusion in the current study. The complete list of
hand MSMs, plus their anatomical location and related
muscle function, is outlined in Table 1. All the
described MSMs originate from or insert onto the
metacarpals and phalanges. No carpal MSMs were
included due to problems with reliably identifying
MSMs in this region.
Each MSM was scored as either ‘present’ (1) or
‘absent’ (0). A MSM was scored as ‘present’ primarily
on the basis of visual identiﬁcation of recognised
development of an attachment site. Development at
the site of a muscle attachment was recognised as
either localised bone deposition or bone resorption
(thus combining aspects of the Hawkey & Merbs
(1995) robusticity and stress lesion categories). In
some cases, the presence of a ridge running along the
bone conﬁrmed the presence of a muscle attachment
(particularly evident for the dorsal and palmar interossei).
On occasions where the small size of the MSM site,
the presence of dirt or taphonomic damage made it
difﬁcult to conﬁrm the presence or absence of a MSM
based on visual criteria alone, visual identiﬁcation was
often supplemented with tactile identiﬁcation. This
was done simply by rubbing the index ﬁnger along the
bone. Visual identiﬁcation criteria for all the hand
MSMs studied can be found in Appendix A. A MSM
was scored as ‘absent’ when no evidence for muscle
attachment modiﬁcation could be found through either
visual or tactile identiﬁcation.
The use of a presence/absence method in the study
of MSM expression has a number of advantages over
the commonly used system developed by Hawkey &
Merbs (1995). In their scheme, the development of
muscle attachment sites is graded in three categories:
Table 1. Description of location and function of the hand musculoskeletal stress markers (MSMs) included in present study
Code used
in study Hand MSM Location of MSM Action of muscle
FPL Flexor pollicis longus (I) Palmar surface of
base of distal pollical phalanx
Flexion of thumb
APT Adductor pollicis
(transverse) (O)
Palmar surface of third
metacarpal
Adduction and flexion of thumb
ODM Oppenens
digiti minimi (I)
Medial edge of fifth
metacarpal
Rotation of mc5 into opposition with thumb,
draw mc5 forward, assists in flexion
of fifth carpometacarpal joint
FDP Flexor digitorum
profundus 2,3,4 +5 (I)
Palmar surface of base
of distal phalanges 2,3,4 +5
Flexion of distal interphalangeal joints of digits
2–5. Assists in adduction of second, fourth
and fifth digits and in flexion at wrist
FDS Flexor digitorum
superﬁcialis 2,3,4 +5 (I)
Both sides of the palmar
surface of intermediate
phalanges 2,3,4 +5
Flexion of intermediate phalanges of digits
2–5, plus flexion of wrist
PI2 Palmar interosseous 2 (O) Palmar surface of
second metacarpal
Adduction of digits towards centre of third
digit, at metacarpophalangeal joints
PI3 Palmar interosseous 3 (O) Palmar surface of fourth
metacarpal
Assist in flexion of digits at these joints
PI4 Palmar interosseous 4 (O) Palmar surface of fifth
metacarpal
DI1 Dorsal interosseous 1 (O) Medial edge of mc1 and
lateral edge of mc2
Abduction of second, third and fourth digits
from the midline of the hand
DI2 Dorsal interosseous 2 (O) Medial edge of mc2 and
lateral edge of mc3
DI3 Dorsal interosseous 3 (O) Medial edge of mc3 and
lateral edge of mc4
DI4 Dorsal interosseous 4 (O) Medial edge of mc4 and
lateral edge of mc5
After Bowden & Bowden (2005). O, origin of muscle; I, insertion of muscle.
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robusticity, stress lesion and ossiﬁcation exostosis.
They are rated on an ordinal scale ranging from 0= no
development to 3 = strong development. The use of a
presence/absence system, however, can potentially
remove some of the ‘subjectivity’ of the Hawkey and
Merbs method by having MSMs exist in a binary state.
Such an approach focuses attention on the presence or
absence of muscle markers rather than the nature of the
modiﬁcation. Although a certain amount of informa-
tion on muscle marker variation may be lost by
adopting such a technique, it can be argued that by
focusing only on the presence or absence of markers,
some of the problems in the interpretation of MSM
development and their relationship to activity patterns
are removed. For this reason, a presence/absence
method is suitable for the study of asymmetrical limb
loading, where the presence of asymmetry is the key
variable, and variation in MSM development provides
little additional information. This approach also
beneﬁts the study of MSMs in the hand, where a
presence/absence method allows the study of smaller
MSMs which may exhibit less observable variation.
The presence/absence approach also maximises the
amount of data available for analysis. Having only two
scoring categories increases the number of data points
per category for a given sample size when compared
with ordinal scoring. Additionally, these nominal data
are amenable to statistical analyses, which are more
reliable when category sizes are larger.
The MSM scoring method described above was
applied to the metacarpals and phalanges of 31
skeletons from the Greenwich Naval Hospital Ceme-
tery site to assess whether such a method could
identify variability in MSM development within the
previously neglected region of the hand. This method
was also applied to humeral material from the
Greenwich sample for the purpose of comparison. As
all the subjects selected for study were male and
exhibited little variation in age (i.e. most were over
40 years of age and hence considered as ‘older’ adults),
it was not possible to test for the effects of age and sex
on MSM expression in this group.
For each individual, the MSMs outlined in Table 1
were scored as either ‘present’ or ‘absent’ on both the
left and the right bones. Individual scores were
combined for each MSM (with left and right
considered separately), and the total number of
‘present’ scores was calculated as a percentage of the
total sample (where MSMs were scorable). The
percentage of subjects scored as ‘absent’ for each
MSM was also calculated. Asymmetry between left and
right MSMs was determined simply as the percentage
difference between left and right scores, providing
asymmetry values at the sample level. Although the
direction of asymmetry (i.e. either right‐side or left‐
side dominant) is traditionally the focus of asymmetry
analysis, the magnitude of asymmetry (i.e. the amount
of difference between the left and the right sides) is
also important for what it can tell us about the relative
nature of asymmetry both within and between samples
(Holder, 2005), in addition to the levels of activity
experienced by each limb.
Asymmetry was chosen as the key measure of
variation in MSM expression in order to avoid
potential issues of over‐interpretation of MSM data.
As has been highlighted by some authors (Robb, 1998;
Stirland, 1998; Wilczak, 1998; al‐Oumaoui et al.,
2004), there can be problems when trying to
reconstruct activity patterns in past groups from a
small number of muscles. The actions that any given
muscle (or muscle group) can give rise to are so
numerous as to make it difﬁcult to reliably link MSM
expression to any speciﬁc activity. This is the case even
when the range of activities engaged in are known (as
is the case with the Greenwich sample), particularly if
an individual has engaged in different occupations over
the course of their lifetime. By comparison, asymmetry
in MSM expression is more likely to reﬂect broader
functional differences between the hands (e.g. hand-
edness). Although a certain amount of information is
inevitably lost using such an approach, it allows the
current study to focus on the validity of scoring hand
MSMs and avoids the risk of over‐interpretation of the
available data.
A test of intra‐observer reliability for the MSM
scoring method was performed on an independent
skeletal sample from the site of Great Chesterford in
Essex, England (Evison, 1994). The reliability test
compared the frequency with which the twelve MSMs
(Table 1) were scored as ‘present’ in both hands. The
MSMs were scored on two separate occasions, with
data collection events occurring 1 year apart.
MSM data are presented in Table 2, where it can be
seen that it was possible to repeatedly score each of
the selected hand MSMs across the individuals in
the Greenwich sample. For all bar one (left dorsal
interosseous 1), MSMs were more frequently scored as
‘present’ than ‘absent’. There is clear variation,
however, in the relative frequencies of the scores for
each MSMs, and it is apparent that some MSMs are
more readily identiﬁable than others.
Statistical analyses
For the intra‐observer reliability analysis, a χ2 test was
performed to measure the degree of association
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between the data sets, being suitable for nominal,
between‐subjects data. For the Greenwich sample,
statistical tests were also performed to determine
whether left and right scores for each MSM were
signiﬁcantly associated and therefore the extent to
which MSMs could be said to be symmetrical or
asymmetrical. All analyses were run using SPSS (v. 17)
(SPSS Inc., Chicago, IL, USA). As the MSM data are
nominal, nonparametric tests were selected. The
McNemar test of association was chosen to deter-
mine the degree of association between the paired
data (the χ2 test not being suitable for related‐
samples data). As this technique tests the null
hypothesis that paired scores will not differ, the
McNemar test only compared data from subjects
whose score changes between categories (i.e. be-
tween left and right MSMs). Subjects whose left and
right MSM scores did not change were considered to
be symmetrical and were not included in the test.
Although the presence of any difference between left
and right scores can be interpreted as asymmetry, the
lack of a statistically signiﬁcant association between
left and right MSMs was used as the baseline for the
presence of asymmetry between the MSMs.
Results
Intra‐observer reliability
An intra‐observer test of reliability for the MSM
scoring method found that when intra‐observer scores
were compared, eight (3 left and 5 right) of the 24
MSMs (12 left and 12 right) differed between the two
data collection periods (Figure 1). These differences,
however, were generally small and less than 10% for all
MSMs (see Havelková & Villotte, 2007; Villotte et al.,
2010a), with the exception of the left second palmar
interosseous (PI2 — see Table 1 for all abbreviations used
in the text) at 16.7%. For those eight MSMs that
showed differences in scoring between the two
episodes of data collection, χ2 tests found a strong,
statistically signiﬁcant association between each of the
MSM pairs (Table 3). This indicates that these scores
are not statistically signiﬁcantly different from each
other, and therefore, the level of intra‐observer error in
this comparative data is within statistically acceptable
limits. This supports the use of the presence/absence
method for determining variation in MSM develop-
ment in the Greenwich sample.
Variation in hand MSMs
As evidenced, there is clear variation between the
MSMs in terms of how often they are scored as
‘present’, suggesting differing patterns of muscle
engagement in this sample (Table 2 and Figure 2).
These data also highlight the observable variation in
the asymmetry proﬁle across the hand MSMs, both in
terms of the direction and the magnitude of the
asymmetry displayed (Table 2 and Figure 2). Regard-
ing directional asymmetry, six (out of 12) MSMs were
right‐side dominant, ﬁve MSMs were left‐side domi-
nant and one MSM was symmetrical (i.e. no difference
between left and right scores). This indicates that there
is no clear directional asymmetry in the Greenwich
hand MSMs. Despite this, there is clear variation in the
magnitude of asymmetry between individual left and
right MSMs, with a number of the MSMs (ODM,
FDP, PI4 and DI1) displaying asymmetry greater than
10%. Asymmetry is particularly pronounced in DI1
(34.1%). A McNemar test of association conﬁrms that
asymmetry is only statistically signiﬁcant for DI1
(Table 4).
Comparisons with humeral MSM data
The presence/absence scoring method was applied to
the associated humeral material from the Greenwich
Table 2. Percentage present scores and magnitude of observ-
able asymmetry for hand musculoskeletal stress markers
(MSMs)
MSMa Side N
Percentage
present (%)b
Magnitude of
asymmetry (%)
FPL L 8 100 0
R 13 100
APT L 30 86.7 1.5
R 27 85.2
ODM L 22 59.1 12.3
R 21 71.4
FDP (2–5) L 7 66.7 20.8
R 8 87.5
FDS (2–5) L 21 95.2 3.2
R 25 92.0
PI2 L 30 80.0 3.9
R 31 83.9
PI3 L 26 61.5 1.5
R 30 60.0
PI4 L 21 90.5 16.6
R 23 73.9
DI1 L 30 43.3 34.1
R 31 77.4
DI2 L 30 93.3 3.0
R 31 90.3
DI3 L 28 50.0 4.8
R 31 54.8
DI4 L 27 88.9 4.2
R 29 93.1
aSee Table 1 for the list of abbreviations used.
bPercentage absent values not reported; all present and absent
scores add up to 100%.
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sample to assess MSM expression in this region
(Table 5 and Figure 3). Compared to the hands,
which lacked a clear pattern of directional asymmetry,
seven out of 11 humeral MSMs were left‐side
dominant (i.e. scored as ‘present’ more frequently in
the left humerus than the right). When we look at the
magnitude of humeral MSM asymmetry, however, it
can be seen that it is generally low, with the largest
asymmetry exhibited by teres major at 7.6%. Despite a
more pronounced directional asymmetry in humeral
MSMs, the magnitude of asymmetry exhibited is lower
than that seen in the hands (Table 2 and Figure 2). A
McNemar test of association conﬁrms that MSM
asymmetry in the humerus is not statistically signiﬁcant
(Table 6).
Discussion
The analyses presented indicate that there is clear
observable variation in MSM expression in the hand
region of the Greenwich sample (Table 2 and Figure 2).
That someMSMs are more frequently scored as ‘present’
than others suggests differences between the muscles
in their activity levels. The FPL in particular was scored
as ‘present’ for all individuals in both hands. This
reinforces the importance of this muscle for the
functioning of the human thumb (Susman, 1988; Aiello
& Dean, 1990; Marzke & Marzke, 2000) but suggests
that it is not a useful indicator of variation in activity
between the hands or between individuals. These
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Figure 1. Intra‐observer test of reliability: for each of the 12 musculoskeletal stress markers (MSMs), the corresponding percentages of those MSMs
scored as ‘present’ in the ﬁrst round of data collection (Data 1) compared with the second round of data collection (Data 2). This test was performed
on material from the site of Great Chesterford, Essex, UK, and was not included in the main analysis. MSMs were scored in both the left hand (in grey
and vertical hatching) and right hand (black and diagonal hatching). See Table 1 for the list of abbreviations used.
Table 3. Intra‐observer reliability test: χ2 test of association
between hand musculoskeletal stress markers (MSMs) from two
data collection episodes
MSMs
compareda
%difference
between
MSM scores χ2 value
Significance
(2‐tailed) φ value
APT (right) 8.3 13.02 p<0.01* 0.74
PI2 (left) 16.7 10.53 p<0.01* 0.66
PI3 (right)b 4.5 – – –
PI4 (left) 5.9 11.84 p<0.01* 0.84
DI1 (right) 9.1 9.90 p=0.03* 0.67
DI1 (left) 8.3 16.00 p<0.01* 0.82
DI3 (right) 4.2 15.27 p=0.01* 0.80
DI4 (right)b 4.3 – – –
aSee Table 1 for the list of abbreviations used.
bχ2 values could not be calculated for right PI3 and right DI4
because of one variable in the comparison being constant (i.e.
there are no ‘absent’ scores and therefore no change between
expected and observed cells).
Values marked with an asterisk (*) indicate where the Fisher’s
exact test p‐value was used because of low cell counts. In all
instances, this test provided the same result as the standard χ2.
A phi (φ) value indicates the strength of the χ2 association.
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differences between MSMs caution against using the
proﬁle of oneMSM as representative of the whole hand.
Variation is also evident in both the direction and
the magnitude of the asymmetry of the Greenwich
sample. When hand MSMs are compared to humeral
MSMs, it can be seen that asymmetry is expressed
differently between the two regions. The humeral
MSMs show a clear left‐side dominant asymmetry
(compared to a lack of directional asymmetry in the
hands) but show a reduced magnitude of asymmetry
compared with the hand MSMs. These ﬁndings imply
a lack of congruency within the upper limb, suggesting
that the hands are engaged in tasks independently of
the rest of the upper limb (e.g. in tasks that require ﬁne
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Figure 2. For each of the 12 musculoskeletal stress markers (MSMs), the percentage scored as ‘present’ for the left hand (grey) and the right hand
(black). See Table 1 for the list of abbreviations used.
Table 5. Percentage present scores and magnitude of observ-
able asymmetry for humerus musculoskeletal stress markers
(MSMs)
MSMa Side N
Percentage
present (%)b
Magnitude of
asymmetry (%)
Delt L 29 93.1 6.9
R 31 100
TMj L 28 78.6 7.6
R 29 86.2
LD L 28 82.1 5.4
R 30 76.7
PM L 28 96.4 0.3
R 30 96.7
CB L 27 63.0 4.4
R 29 58.6
IS L 23 87.0 3.0
R 25 84.0
SSp L 21 19.0 6.0
R 23 13.0
TMn L 22 95.5 0.5
R 25 96.0
SSc L 25 88.0 5.2
R 29 82.8
CFO L 23 65.2 4.3
R 23 60.9
CEO L 22 72.7 4.8
R 28 67.9
aAbbreviations used are as follows: Delt, deltoid; TMj, teres major;
LD, latissimus dorsi; PM, pectoralis major; CB, coracobrachialis;
IS, infraspinatus; SSp, supraspinatus; TMn, teres minor; SSc,
subscapularis; CFO, common ﬂexor origin; CEO, common extensor
origin.
bPercentage absent values not reported; all present and absent
scores add up to 100%.
Table 4. McNemar test of association between left and right
hand musculoskeletal stress markers (MSMs)
MSMa Nb Significance (2‐tailed)
FPL – –
APT 26 p=1.00
ODM 16 p=1.00
FDP 2 p=1.00
FDS 18 p=1.00
PI2 30 p=1.00
PI3 25 p=1.00
PI4 17 p=0.13
DI1 30 p<0.01
DI2 30 p=1.00
DI3 28 p=1.00
DI4 25 p=1.00
aSee Table 1 for the list of abbreviations used.
bN, number of comparisons performed. Signiﬁcant p‐values
highlighted in bold. FPL was not included in the analysis, as no
individuals changed score between ‘present’ and ‘absent’
categories. Because of the low number of instances where
scores changed between categories, the binomial distribution
was used instead of the χ2 statistic.
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manipulation), or alternatively, that the muscles of the
hand respond differently during tasks in which the
entire upper limb is being strained. Given that
the majority of hand muscles included in the current
study are intrinsic to the hand (i.e. they originate and
insert within the hand), such a functional separation is
expected. What this implies is that it is no longer
appropriate to use the morphology of the MSMs in the
humerus as a proxy for MSM development across the
upper limb as a whole.
Despite this variation in asymmetry between and
within the hands and the humeri, only one MSM (DI1)
displayed statistically signiﬁcant asymmetry, which
indicates that these results must be interpreted with
caution. The DI1 is involved in the abduction of the
second digit from the midline of the hand, and it appears
that the right hand was engaged in this action more
frequently than the left hand. Because of the range of
actions that could potentially involve the abduction of
the foreﬁnger, it may not be useful to speculate as to
which activity could have produced this pattern.
The age and sex proﬁle of the Greenwich sample
was such that it was not possible to measure the effects
of these factors on MSM expression. It is expected,
however, that age and sex would have an impact on
hand MSMs, as previous studies have found clear
evidence for their inﬂuence on upper limb MSM
expression (e.g. Peterson, 1998; Robb, 1998; Steen &
Lane, 1998; Stirland, 1998; Weiss, 2003; al‐Oumaoui
et al., 2004; Eshed et al., 2004; Molnar, 2006; Weiss,
2007; Havelková et al., 2010; Villotte et al., 2010a).
Further research is now required to clarify whether
these patterns are also found in the hand.
Although the majority of the hand muscles included
in the current study are intrinsic to the hand, three of
the muscles (FPL, FDP and FDS) are extrinsic and have
an origin outside of the hand. A comparison of origin
and insertion MSMs could potentially identify whether
asymmetry is expressed consistently across the muscle.
Of the three ﬂexors with extrinsic origins, only the
FDS attaches on the humerus, at the common ﬂexor
origin (CFO). As the CFO is also the origin point for
the pronator teres, ﬂexor carpi radialis, palmaris longus and
ﬂexor carpi ulnaris, it is not possible to determine the
precise relationship between FDS and CFO asym-
metry, although both show left‐side dominant direc-
tional asymmetry. It is worth noting, however, that
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Figure 3. For each of the 11 humeral musculoskeletal stress markers (MSMs), the percentage scored as ‘present’ for the left humerus (grey) and the
right humerus (black). Abbreviations used: Delt, deltoid; TMj, teres major; LD, latissimus dorsi; PM, pectoralis major; CB, coracobrachialis; IS, infraspinatus;
SSp, supraspinatus; TMn, teres minor; SSc, subscapularis; CFO, common ﬂexor origin; CEO, common extensor origin.
Table 6. McNemar test of association between left and right
Greenwich humerus musculoskeletal stress markers (MSMs)
MSMa Nb
Significance
(2‐tailed)
Delt 29 p=0.50
TMj 27 p=0.38
LD 28 p=1.00
PM 28 p=1.00
CB 26 p=0.55
IS 20 p=1.00
SSp 19 p=1.00
TMn 20 p=1.00
SSc 25 p=1.00
CFO 19 p=0.69
CEO 20 p=0.75
aSee Table 5 for the list of abbreviations used.
bN, number of comparisons performed. Because of the low
number of instanceswhere scores changedbetween categories,
the binomial distribution was used instead of the χ2 statistic.
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muscle insertion sites are likely to display more
variation than origin sites because of the contraction
of the muscle, placing more stress on the insertion by
pulling it towards the origin (Marieb, 2004). Future
studies would beneﬁt from incorporating comparisons
of origin and insertion MSMs to determine whether
muscle morphology impacts on MSM variation across
the upper limb.
A number of researchers have cautioned against
studying single MSMs in isolation because of the
cooperative nature of muscle function (Kennedy, 1998;
Robb, 1998; Stirland, 1998; Wilczak, 1998; Weiss,
2003, 2007; Speith, 2011). It is therefore informative
to compare MSM expression in muscles that form
prime mover/synergist or antagonist pairs. These are
muscles that work together to perform a movement
(with the synergist or antagonist muscle supporting or
opposing the action of the prime mover, respectively).
It may be expected that these associated MSMs would
also show similar patterns of expression. In the current
study, the only possible prime mover/synergist pairs
present were FDS/FDP and APT/FPL, and no obvious
similarities were found in their asymmetry proﬁles.
Future research would beneﬁt from exploring these
relationships further.
A recent study of hand MSM expression in a sample
from the Medieval Islamic cemetery site of Écija,
southern Spain, found similarities in asymmetry
proﬁles with the Greenwich sample (Cashmore &
Zakrzewski, 2009). The Écija hands displayed a similar
pattern of directional asymmetry to the Greenwich
hands (seven right‐side dominant MSMs and ﬁve left‐
side dominant MSMs), although none of the asym-
metries were found to be statistically signiﬁcant. It is
interesting to note that some MSMs in both samples
show similar patterns of expression, that is, they were
scored as ‘present’ with the same degree of frequency.
For example, FPL was scored as ‘present’ for almost all
individuals in both samples. Conversely, PI3 was
scored as ‘present’ in both groups less frequently than
other MSMs (with the exception of DI3 in the
Greenwich sample). Although the precise occupations
of the Écija individuals are not known, they come from
an urban settlement and are not expected to be
engaged in strenuous bilateral activities. Interestingly,
this ﬁnding mirrors the observation of Weiss (2005),
who found that humeral cross‐sectional asymmetry was
also similar between two samples believed to differ in
activity levels. Together, these ﬁndings imply that care
must be taken when interpreting the results of the
hand MSM analysis. It suggests that some of the
variation seen in the Greenwich MSMs may result
from morphological variation in the MSMs rather than
simply activity. It may also be the case that because of
the size and the location of the MSMs, some are more
readily identiﬁable than others, particularly on da-
maged bone. It is clear that further comparative work,
between samples with known occupational histories, is
required to explore these trends further and to
determine the factors that have the greatest impact
on hand MSM expression.
Other studies that have employed a presence/
absence method are similar in not identifying
statistically signiﬁcant asymmetry in their humeral
MSMs (al‐Oumaoui et al., 2004; Alves Cardoso &
Henderson, 2010). This can be interpreted, in part, as
being due to limitations of the method (e.g. Alves
Cardoso & Henderson, 2010). It is worth noting,
however, that other studies using an ordinal scoring
system have also been unable to identify statistically
signiﬁcant asymmetries in the humerus (Steen & Lane,
1998; Stirland, 1998; Eshed et al., 2004; Molnar, 2006;
Weiss, 2007). The proﬁle of the Greenwich sample
may also contribute to the lack of signiﬁcant
asymmetries. Advancing age is likely to be accom-
panied by an increase in remodelling at the sites of
muscle attachment (Alves Cardoso & Henderson,
2010), so the older males in the Greenwich sample
may be expected to show more strongly developed
MSMs. This would impede the identiﬁcation of
asymmetry when using a presence/absence method
as opposed to ordinal scoring of MSM expression. The
occupations of the Greenwich individuals should also
be considered when trying to understand the lack of
signiﬁcant asymmetry. The maritime activities of the
Greenwich seamen were certainly strenuous (Boston
et al., 2008) and likely to have placed equal amounts of
stress on both arms and hands. If this is the case, then
it may be expected that reduced levels of asymmetry
would be seen across the MSMs. It is also possible that
the wide range of activities in which the hands are
engaged on a daily basis masks the expression of
bilateral asymmetry in all but the most strongly
lateralised of tasks. A comparison of two groups —
one engaged in strongly bilateral tasks (e.g. Greenwich)
to a group that was known to engage in strongly
lateralised tasks — would help to clarify this issue. The
suitability of asymmetry as a measure of MSM variation
should also be considered, although it is possible that
the lack of statistically signiﬁcant asymmetries reﬂects
broader issues with the MSM method. Finally, it could
be the case that the size of the Greenwich sample (31
individuals) was not large enough for asymmetry trends
to be statistically signiﬁcant (e.g. Stirland, 1993) and
therefore sample size must also be taken into consid-
eration when planning subsequent studies. There is a
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clear need for a more comprehensive understanding
of those factors that inﬂuence MSM expression if
this approach to activity reconstruction is continued
to be used.
This study presents a ﬁrst attempt at a systematic
analysis of the MSMs of the hand. As such, there is
scope for further reﬁnement of the scoring method,
for example by attempting to apply an ordinal
scoring system to identify additional variation in
MSM expression. With increased experience of
identifying MSMs in the hand, it may also be
possible to expand the set of MSMs that are available
to study in this fashion, in particular the opponens
pollicis, extensor carpi radialis longus and extensor carpi
radialis brevis, which were not included in the current
study but were identiﬁed as potentially suitable for
future analyses. Whichever route is taken with future
hand MSM analysis, it is important to ensure that
MSM data are interpreted appropriately, and the
limitations of studying MSMs more generally are
given due consideration.
Conclusions
The analysis of MSM morphology has been an
important tool for researchers attempting to recon-
struct the activities and occupations of past individuals
and populations. The MSMs in the upper limb have
been a particular focus of study due to the functional
independence of the arms and hands (compared to the
lower limbs) and the wide range of tasks in which the
upper limbs can be engaged. Despite this research
focus, the bones of the hand have been largely
overlooked, leaving a gap in our understanding of
MSM morphology and asymmetry in this functionally
unique area of the upper limb.
The results of the current study demonstrate that
the MSMs of the hand can be studied and have an
important contribution to make to MSM research and
our understanding of behavioural differentiation be-
tween the hands. Further comparative work is now
required, however, to determine what factors impact
on the expression of hand MSM variation and the
suitability of asymmetry as a measure of this variation,
particularly in samples that would be expected to
display more asymmetry than the Greenwich sample.
Future research must make a renewed effort to
incorporate data from the hands and should not
exclude this area purely on methodological grounds.
The differences between the asymmetry proﬁles of the
hand and humeral MSMs from the Greenwich sample
indicate that it is no longer justiﬁable to use humeral
MSM development as a proxy for MSM development
in the upper limb as a whole. This is particularly the
case for the hand. By excluding the hands from MSM
research, important information is being lost, which
impacts on our understanding of upper limb MSM
expression and risks biasing studies of upper limb
functional morphology.
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Appendix A. Visual criteria for assessing
‘present’handmusculoskeletal stressmarkers
Flexor pollicis longus (FPL) Adductor pollicis —
transverse head (APT)
Opponens digiti minimi (ODM) Flexor digitorum
profundus 2–5 (FDP)
Flexor digitorum
superﬁcialis 2–5 (FDS)
Palmar interosseous
2 (PI2) — mc2
(Continues)
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Palmar interosseous
3 (PI3) — mc4
Palmar interosseous
4 (PI4) — mc5
Dorsal interosseous
1 (DI1) — mc1
Dorsal interosseous
1 (DI1) — mc2
Dorsal interosseous
2 (DI2) — mc2
Dorsal interosseous
2 (DI2) — mc3
(Continues)
Dorsal interosseous
3 (DI3) — mc3
Dorsal interosseous
3 (DI3) — mc4
Dorsal interosseous
4 (DI4) — mc4
Dorsal interosseous
4 (DI4) — mc5
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